ABSTRACT Both defensive and nutritional hypotheses have been used to explain the improved performance of sucking insects on variegated plants. With portions of leaves unable to photosynthesize, variegated plants are likely to have less carbon assimilate to allocate to the production of defensive compounds than green plants. Alternatively, like plants grown in the shade, improved response of sucking insects on variegated plants may be caused by greater mobility of amino acid nitrogen and carbohydrates in the phloem to fuel compensatory production of leaves. We examined amino acid and sucrose content of stem exudate collected from red-variegated, yellow-variegated, and green-leafed coleus plants, Solenostemon scutellarioides (L.) Codd, and their relation to life history characteristics of citrus mealybug, Planococcus citri (Risso), to test these defensive and nutritional hypotheses. Although higher concentrations of both total amino acids and sucrose were found in green-and red-leaved plants, these quantitative measures were uncorrelated with life history parameters of mealybugs. In contrast, our analysis of qualitative measures of amino acid composition supported both defensive and nutritional hypotheses. Green-leafed plants had the greatest levels of shikimic acid precursors and lowest levels of other nonessential amino acids. Life history characteristics of citrus mealybugs were correlated negatively with increasing proportions of shikimic acid precursors and positively with increasing proportions of other nonessential amino acids. Thus, our studies of life history and stem chemistry indicate that improved suitability of variegated plants is consistent with both carbon-and nutrient-based theories of plant defense.
VARIEGATED PLANTS HAVE LEAVES with distinct color patterns. Genetically, leaf variegation can be caused when leaf buds produce leaf cells that either differ genetically or phenotypically in their ability to express gene products involved in the production of photosynthetic pigments (Marcotrigiano 1997) . Rates of plant growth can decrease when variegation reduces the concentration of photosynthetic pigments in leaf tissues (e.g., Sadof and Raupp 1991, Yang and Sadof 1995) . Pigment changes that diminish growth are generally considered maladaptive for individual plants and even lethal in the extreme case of albinism (Smith 1977) . Not all pigment changes are disadvantageous to plants. The presence of anthocyanin pigments on the underside of leaves can enhance their ability to capture photosynthetically active radiation in the shade (Lee 1986) . Changes in leaf color can increase the leaf reßectance of shade-adapted plants and protect them from intense sun (Evanari 1989) . In other cases, a leaf color polymorphism may simply be an adaptation to reduce the effectiveness of visually searching herbivores (Cahn and Harper 1976, Smith 1986) .
From a horticultural perspective, any negative impacts of variegation on plant growth can be greatly offset by the value of variegated leaves as an important ornamental attribute (Behe et al. 1999 ). As such, variegated plants are widely propagated for ornamental purposes and are reported in 135 plant families (Yokoi and Hioose 1978) . Managing arthropod pests that feed on some of these variegated cultivars is likely to be difÞcult because these slower-growing plants are less capable of replacing plant tissue than faster-growing green plants. This problem is compounded by Þndings that indicate sucking arthropod pests can have greater capacities for population increase on slow-growing variegated cultivars (Sadof and Raupp 1991 , Yang and Sadof 1995 .
Improved arthropod Þtness on variegated plants is consistent with both the growth-differentiation hypothesis of plant defense (Herms and Mattson 1992) and the nutrient mobility hypothesis of stress-induced insect outbreaks (White 1993) . With portions of leaves unable to photosynthesize, variegated plants are likely to have less carbon assimilate to allocate to the production of defensive compounds than green plants. Alternatively, like plants grown in the shade, variegated plants compensate for reduced photosynthesis by allocating more of their biomass to the production of leaf area (Sadof and Raupp 1991, Yang and Sadof 1995) . Furthermore, nonphotosynthetic portions of coleus leaves are true sinks, requiring transport of amino acids and carbohydrates from photosynthetic tissue (Gilbert et al. 1998 ). As such, the improved response of sucking insects may be caused by greater concentration of amino acid nitrogen and carbohydrates in the phloem to fuel the production of more leaves. The objective of this paper is to ascertain the relevance of these hypotheses to variegation by examining the amino acid and sucrose content in the stem extracts of coleus plants, Solenostemon scutellarioides (L.) Codd, in relation to life history characteristics of citrus mealybug, Planococcus citri (Risso).
Materials and Methods
Green, yellow-variegated, and red-variegated coleus plants, S. scutellarioides (L.) Codd [previously Coleus blumei (Bentham)], were started from cuttings taken from stock plants grown in a greenhouse at 20 Ð30ЊC with 60 Ð 80% RH, on 19 January 1998. Cuttings were taken from terminal shoots Ϸ7.0 Ð10.0 cm in length. They were then placed into 15.2-cm plastic pots with a growing substrate containing horticultural vermiculite, Canadian sphagnum peat moss, processed bark ash, and washed sand. All cuttings were covered with a clear plastic sheet of 4-ml polyethylene Þlm to maintain high relative humidity that would allow faster rooting and prevent cuttings from dessicating. After the cuttings developed roots (Ϸ2 wk), the clear plastic sheet was removed, and all plants were transplanted and fertilized with PeterÕs 20 Ð20-20 (N:P:K; (Scotts-Sierra Horticultural Products, Marysville, OH) liquid fertilizer at 100 ppm under a constant liquid feed program. Plants were grown under natural daylight conditions, with no artiÞcial lighting.
Citrus mealybugs were reared on butternut squash in a growth chamber at 24 Ϯ 2ЊC, 60 Ð70% RH, with a photoperiod of 16:8 (L:D) (Yang and Sadof 1995) . The laboratory colony was originally collected from a snake plant, Codiaeum variegatum (L.), in a Purdue University greenhouse in March 1991.
The experiment was carried out using a 3 by 2 nested factorial design. The Þrst factor consisted of each of the three leaf color variants. Plants were nested within leaf color because plants were selected from a larger group that we propagated from stock plants of each color. All plants selected for use in the study had initiated new leaf growth at start of the study. Plants were arranged on a greenhouse bench in 10 groups of six plants so that each group contained two plants of each of the three leaf color variants. The second factor, infestation, was Þxed when one plant of each color variant was randomly selected to be infested with citrus mealybugs, P. citri (Risso).
On 2 February 1998 we placed red coleus leaf disks (1.74 cm 2 ) on top of butternut squash, Cucurbita maxima (L.), infested with the citrus mealybugs. The leaf disks remained on the squash for 1 h, allowing time for the Þrst instar mealybugs to crawl onto the leaf disks. Each disk containing Þrst instar citrus mealybugs was placed onto the uppermost leaves of 10 plants of each color to obtain a total of 100 Ð150 mealybugs per plant.
Mealybug Fecundity and Development Time. Two weeks after infestation, coleus plants were monitored daily to ascertain when female citrus mealybugs began to oviposit. The onset of oviposition was determined by the presence of a clearly visible white tuft of wax beneath the female abdomen. Ten ovipositing females were collected from each of the leaves and stems of each infested coleus plant and placed into glass vials (6.0 by 1.5 cm) containing 70% ethyl alcohol. The mealybugs were then taken to the laboratory, where they were dissected, and the eggs were counted to determine the fecundity of each female. In addition, the time (days) from the Þrst instar crawler to the onset of oviposition was recorded to determine the development time on plants for each of the three leaf color types.
Sugar and Amino Acid Extraction. From 5 to 7 April 1998, two cuttings were harvested from the terminal shoots of each coleus plant for a total of 20 cuttings from each treatment. To control for developmental differences among stems, cuttings were taken below the second true set of fully expanded leaves, where stems were Ϸ5.0 mm thick. Phloem contents were extracted from stems by placing each cutting into a glass vial (6.0 by 1.5 cm) containing a chelating agent to prevent callose formation (King and Zeevaart 1974) . Any mealybugs present on the cuttings at the time of harvest were rinsed off with water before placement into glass vials. We immersed the basal part of each stem cutting in 7.0 ml of 10 mM sodium ethylene-diamine-tetra-acetic acid (EDTA, formula weight Ϯ 372.2, 99% purity; Sigma, St. Louis, MO), adjusted to pH 7 with KOH. Cuttings were held for 12 h in the greenhouse to allow time for phloem contents to ßow out into the EDTA solution. After these square-stemmed cuttings were removed from glass vials, the length of each side was measured at the cutting base to determine the cross-sectional area of stem tissue in the extraction medium.
Amino Acid Analysis. Amino acids were isolated and quantiÞed by the method of Rhodes et al. (1997) . Brießy, pipecolic acid (0.5 mol) was added to 4-ml aliquots of stem exudate samples. Amino acids were separated by passing the samples through Dowex 50 columns (1 cm diameter ϫ 2 cm height, prewashed), rinsing with 10 ml water, and eluting with 8 ml of 6 M ammonium hydroxide. Samples were then dried under nitrogen, dissolved in 0.4 ml methanol/water (60/40), transferred to reaction vials, and dried under nitrogen. Dichloromethane (100 l) was added to the reaction vials and dried under nitrogen. The vials were placed on ice, and 200 l of 5:1 isobutanol:acetyl chloride (0ЊC) was added. The sample was mixed vigorously, heated to 120ЊC for 20 min in a sealed 4-dram reaction vial, and then rapidly cooled with the liquid evaporated under nitrogen. Heptaßuorobutyric anhydride (100 l) was added, and the samples were sealed in a reaction vial and heated to 120ЊC for 10 min, followed by rapid cooling and liquid evaporation under nitrogen. Derivatized amino acids were dissolved in 25 l 1:1 ethyl acetate: acetic anhydride for gas chromatographic analysis using a Varian 3400 gas chromatograph (Palo Alto, CA) Þtted with a J&W ScientiÞc 30 m ϫ 0.32 mm DB1 column (Folsom, CA) and a ßame ionization detector. A temperature program of 100ЊC (4-min hold) increasing to 260ЊC at 4ЊC/min was used. The column was calibrated with a standard amino acid mixture including pipecolic acid. Total amounts of individual amino acid present along with percentage of the total were calculated. Pipecolic acid was not detected in test samples of stem exudates to which pipecolic acid was not added. Three injections were made for each sample. Statistical analyses were conducted on the mean of these measurements.
Sucrose Analysis. Sucrose was analyzed by Þrst converting it to glucose using invertase and then measuring glucose concentration enzymatically. A 4 ml aliquot of stem extract was incubated with invertase (0.1 mg/ml) in 1 mM acetate buffer (pH 4.5) for 30 min at 55ЊC. A 0.1 ml sample of the reaction mixture was added to 1 ml of 0.1 M sodium citrate buffer (pH 5.0) containing glucose oxidase (Aspergillus niger, 5 U), horseradish peroxidase (1 U), O-dianisidine ⅐ 2 HCl (0.04 mg) in 0.1 M sodium citrate buffer, pH 5.0 and incubated for 30 min at 37ЊC. The amount of glucose in samples was determined by measuring the conversion of the color reagent, O-dianisidine, was measured spectrophotometrically at 410 nm. Glucose samples were diluted so that absorption values were in the linear range between 0.10 and 1.00. Three measurements were made for each stem extract sample, and their means were used for statistical analysis.
Statistical Analysis. Effects of the three different leaf color variants on developmental time and fecundity of mealybugs on the 30 infested plants were compared in a one-way analysis of variance (ANOVA), with the variance among plants nested within color serving as the error term. We tested effects of variegation and presence of mealybugs on molar concentrations of sucrose and total amino acids per square millimeter cross-sectional area of stem, and their ratio in the 60 experimental plants in a 3 by 2 nestedfactorial ANOVA in accordance with the experimental design described previously. The relationship between these three chemical parameters and the life history parameters of the citrus mealybug were determined through linear regression (SAS Institute 2001) .
Finer examination of the relationship between the relative concentration of speciÞc amino acids and mealybug life history parameters was accomplished by looking at groups of functionally related amino acids. First, we calculated the proportion of amino acids in phloem considered essential for insect nutrition (Dadd 1985) . Then we calculated the proportion of amino acids that are produced in the shikimic acid pathway. These amino acids, tryptophan, tyrosine, and phenylalanine, can be used to produce generalist defenses such as phenolic acids (Taiz and Zeiger 1998) . Those amino acids not associated with either group were lumped into a category called nonessential other. We used linear regression to test nutritional and defensive hypotheses and to examine the relationship between mealybug life history parameters and the nondefensive amino acids (essential and other nonessential) and those putatively involved in defense (shikimic). We did not examine the relationships between each of the 17 amino acids because of the potential problems for type II errors when testing 34 relationships with a rejection criterion of ␣ ϭ 0.05. Effects of variegation and the presence of a mealybug infestation on the proportion of essential, other, and shikimic amino acids were determined by a 3 by 2 nested-factorial ANOVA. All analyses were conducted on arcsine square root transformed proportions to correct for non-normality.
Results
Citrus mealybugs took longer to develop to adulthood on green-leafed plants than on those with variegated leaves (Table 1) . Fecundity of mealybugs on green plants was signiÞcantly lower than those on red-variegated plants and numerically lower than Life history characteristics of P. citri on red-variegated, yellow-variegated, and green-leafed coleus, S. scutellariodes, The ratio of amino acids to sugar in stem extracts did not vary signiÞcantly among the three plant cultivars. Neither total molar amino acid or molar sucrose per square centimeter cross-sectional area of stem were correlated with days of development to adult (F ϭ 3.46; df ϭ 1, 28; P ϭ 0.074 and F ϭ 2.14, df ϭ 1, 27; P ϭ 0.16, respectively). Similarly, there was no correlation between average fecundity of citrus mealybug and estimates of total molar amino acid or molar sucrose (F ϭ 3.39; df ϭ 1, 28; P ϭ 0.076 and F ϭ 2.21; df ϭ 1, 27; P ϭ 0.15, respectively). The ratio of molar amino acids to sucrose were not correlated with either days of development to adult (F ϭ 0.55; df ϭ 1,27; P ϭ 0.46) or fecundity F ϭ 1.33; df ϭ 1,27; P ϭ 0.26).
The raw means and SEs of percentage composition of each amino acid are listed for each of the three kinds of coleus plants in Table 2 . Leaf color signiÞcantly affected the proportional contribution of shikimic acid pathway (F ϭ 11.19; df ϭ 2, 26; P Ͻ 0.0003) and other nonessential amino acids (F ϭ 3.71; df ϭ 2, 26; P ϭ 0.038), but not essential amino acids (F ϭ 1.99; df ϭ 2, 26; P ϭ 0.16), in the stem extracts. Shikimic acid pathway amino acids comprised approximately three times as much of the total amino acids in the stem extracts of green plants than that of red-leafed plants. Yellowleafed plants had twice the amount of these amino acids as did red-leafed plants. Green plants had lower proportions of other nonessential amino acids than did either the red-or yellow-leafed plants. The presence of mealybugs did not effect the relative proportions of essential (F ϭ 1.12 df ϭ 1, 25; P ϭ 0.3), other nonessential (F ϭ 1.85; df ϭ 1, 25; P ϭ 0.19), or shikimic pathway (F ϭ 0.08; df ϭ 1, 25; P ϭ 0.8) amino acids.
Regression analyses indicate that the proportional contribution of nonessential other amino acids in the stem extract was negatively related to P. citri development time (Fig. 1 ) but unrelated to fecundity (F ϭ 3.18; df ϭ 1, 27; P ϭ 0.086). In contrast, shikimic acid pathway amino acids were positively related to development time and negatively related to fecundity (Fig. 2) .
Discussion
Variegated coleus were better hosts for citrus mealybugs than green plants. Individuals feeding on variegated cultivars had shorter development times and those feeding on red-variegated plants had higher fecundities. This improved quality of variegated coleus can simply not be explained by changed concentrations of insect nutrients in the phloem of variegated plants that we hypothesized previously (Yang and Sadof 1995) . Indeed, analysis of stem exudate chemistry indicated that green and red-leafed plants had higher concentrations of amino acids and sugars compared with yellow-variegated plants.
Changes in concentrations of sugars and amino acids most likely originate from low rates of photosynthesis in yellow-leafed coleus. Yellow areas of leaves lack chlorophyll and do not produce photosynthate (Fisher and Eschrich 1985) . In previous studies of these three varieties of coleus, we found rates of photosynthesis to be highest in green-leafed, intermediate in red-leafed, and lowest in the yellow-leafed plants (Yang and Sadof 1995) . The resulting lower rate of amino acid and sucrose biosynthesis in yellow-variegated plants diminishes the potential for increased concentrations of these compounds in phloem because of increased leaf production and altered sourcesink relations within variegated leaves. Thus, depending on the type of variegation, green-and red-leafed coleus plants had higher concentrations of both amino acids and sugars.
The quantity of sucrose, total amino acids, and their ratio in stem exudates does not seem to limit mealybug development. We failed to Þnd an association between mealybug life history characteristics and these chemical parameters. These Þndings are consistent with studies of cassava mealybug, Phenacoccus manihoti (Mat. Ferr.), where total amino acid content, sucrose, and the ratio of sucrose to amino acids were not correlated with host plant resistance on cassava and related plant species . In general, carbohydrate concentrations in phloem are high and not limiting for development of phloemfeeding insects (Rhodes et al. 1997 ). Other references, however, suggest that the concentration of free amino acids in phloem sap is generally regarded as a limiting for sucking insects (Cole 1997, Sandströ m and Moran, 1999) .
Our assessment of amino acid composition suggests that differences in mealybug life history are more likely the result of qualitative differences in the amino acid composition of stem exudates. Mealybugs performed most poorly on green plants in whose stems amino acid composition was highest in shikimic acid precursors, and lowest in nonessential amino acids ( Table 2) . Regressions of amino acid quality with mealybug life history characteristics indicated negative correlations between shikimic acid content and fecundity and a positive correlation with development time (Fig. 2) . Furthermore, nonessential amino acids were negatively correlated development time. Our failure to Þnd correlations between essential amino acid content of stem extracts and mealybug life history is consistent with our inability to Þnd signiÞcant differences among the three cultivars.
The relationship between the shikimic pathway amino acids and life history characteristics support a defense-based explanation for differences observed among mealybugs on green and variegated plants. The lowest proportion of these phenolic acid precursors was found in stem extracts of red-variegated plants, where mealybugs had greatest fecundity and shortest developmental rates (Tables 1 and 2) . Similarly, mealybugs on plants with a greater proportion of shikimic pathway amino acids in their stem extracts took longer to develop to adults and produced fewer eggs (Fig. 1) . Phenolic acids in cassava phloem have been reported to be associated with increased development times and reduced rates of Þrst instar settling of cassava mealybug (Calatayud et al. 1992 , Renard et al. 1998 ). The relative concentration of shikimic acid precursors is consistent with previous work where we reported low rates of survival (52%) of Þrst instar citrus mealybug on the leaves of green-leafed plants in comparison with survival on the leaves of yellow-(84%) and red-(87%) variegated plants (Yang and Sadof 1995) . In the absence of any direct measure of defensive compounds or the availability of a holidic diet for mealybugs, we could not directly determine if phenolic acids were responsible for differences in the life history characteristics of citrus mealybug on green and variegated plants.
This putative pattern of defense production indicated by the proportion of shikimic pathway amino acids in green and variegated plants is consistent with the growth differentiation hypothesis of plant defense (Herms and Mattson 1992) . Green coleus plants have been shown to have higher rates of photosynthesis than red-and yellow-variegated varieties (Yang and Sadof 1995) . As such, green-leafed plants have more photosynthate to allocate toward the production of plant defenses. This is supported by Þnding greater proportions of shikimic pathway amino acids in stem extracts of green-leafed plants (Table 2) . Yellow-variegated plants have portions of their leaf tissue that are sinks for carbohydrates and amino acids produced in photosynthetic green tissue (Fisher and Eschrich 1985, Gilbert et al. 1998) . Thus, there is less photosynthate available for producing the shikimic acid amino acids used for producing phenolic compounds in variegated plants than plants with entirely green leaves. Plants with red-variegated leaves are likely to have the lowest concentration of shikimic pathway amino acids, because their concentration in the phloem is limited by both reduced rates of photosynthesis and by their potential roles as precursors in the production of the anthocyanin pigment responsible for the red leaf color (Rouhani and Khosh-Khui 1977) .
Although our data support the carbon-based defensive hypothesis, we cannot rule out a nutrient-based explanation. Indeed, our regression analysis indicates that mealybugs took fewer days to develop to adult on plants with higher concentrations of nonessential amino acids that were not shikimic acid precursors (Fig. 1) . The lack of a positive relationship between essential amino acid concentration and mealybug life history could be explained by the presence of bacteriocytes or by compensatory feeding behaviors that counter the effect of amino acid deÞciencies in the phloem. Indeed, investigations of honeydew production by aphids, whiteßies, and psyllids indicate that other sucking insects can compensate for low concentrations of amino acids by increasing their rates of feeding (Pfeiffer and Burts 1984 , Byrne and Miller 1990 , Prosser et al. 1992 , Blua and Toscano 1994 , Isaacs et al. 1998 or with the help of intracellular symbionts in specialized cells (Wilkinson and Ishikawa 2000) . Without further study of amino acid consumption and use by mealybugs, we are unable to directly determine the inßuence of these amino acids on mealybug life history.
Throughout this study, we have used stem exudates to estimate the composition of nutrients in the phloem of coleus plants. Although this technique has been widely used (Bentz et al. 1995 , Cole 1997 , Isaacs et al. 1998 , it is not without potential for errors. Direct comparisons of phloem extracts from cut aphid stylets with those of stems soaking in EDTA indicate that relative concentrations of many amino acids are highly correlated (Weibull et al. 1990 ). Differences in these two methods may result from contamination of phloem exudates with contents leaching from other cells in plant stems. From the standpoint of the defense-based hypotheses, the relative content of shikimic acid precursors in both phloem and other stem cells serve equally well as an index of defensive compounds produced in a particular plant. With regards to the nutritional hypothesis, we attempted to reduce the potential bias caused by stem cells leaching from stems of different thickness by making all comparisons on a per unit of cross-sectional stem area.
In conclusion, we Þnd that the improved performance of citrus mealybug on variegated plants is consistent with carbon-based defense hypotheses that predict reduced carbon-based defenses in plants wth lower rates of photosynthesis. However, analysis of amino acid composition in relation to life history characteristics indicates that mealybug performance is consistent with both defense-and nutrient-based hypotheses. These Þndings concur with reports of increased Þtness of variegated plants for other sap feeding insects (Sadof and Raupp 1991, 1992) and leaf chewing folivores (Niemala et al. 1984 , Sadof 1991 .
